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The  formation  of  distinct  hydrocarbon  pool  (HCP)  species  on  individual  micron-sized  SAPO-34  and  SSZ-13
crystals  have  been  compared  during  methanol-to-olefins  (MTO)  and  ethanol-to-olefins  (ETO)  conversion
processes.  In  situ  UV–vis  micro-spectroscopy  reveals  the  formation  of  400  nm  and  580  nm  absorption
bands,  which  are  ascribed  to poly-alkylated  benzene  (PAB)  carbocations,  the  most  active  HCP species  and
poly aromatics  (PA)  the  deactivating  species,  respectively.  PAB  formation  within  both  catalysts  is fitted
with  first-order  kinetics  at low  reaction  temperatures  and  activation  energies  (Ea) can  be  calculated,
while  PA/PAB  ratio  is  calculated  to monitor  the  deactivation  process  for  different  reaction  temperatures.
lcohol-to-olefins
icro-spectroscopy

cid strength
cid site density
oke formation
habazite

The  results  show  that for both  activation  and  deactivation  processes,  methylation  reactions  are  leading  in
MTO and  are  controlled  by acid strength;  while  olefins  condensation  reactions  are  governing  in  ETO  and
are  affected  more  by acid site  density.  Moreover,  the distribution  of  HCP  species  is visualized  by  confocal
fluorescence  microscopy,  which  demonstrates  that  the  acid  site  density  plays  an  important  role  on  the
local  catalytic  performance.  Finally,  synchrotron-based  IR micro-spectroscopy  reveals  different  activity
of the  two  catalysts  as  shown  by the  intensity  and  frequency  of  distinct  characteristic  bands.
. Introduction

Light olefins, such as ethylene and propylene, have been widely
sed as raw materials for the production of e.g. polymers [1,2].
owever, the current high price of crude oil as well as more

tringent environmental legislation have spurred great interests
n developing new and improved catalytic technologies based
n alternative feedstocks, such as methane and biomass. Among
hese processes, the conversion of alcohols (e.g. methanol and
thanol) to light olefins have received strong research attention
3,4]. Methanol can be produced from synthesis gas (CO + H2),
hich can be obtained from almost any gasifiable carbon source,

uch as natural gas, coal, biomass and agricultural waste [5]. The
ethanol-to-olefins (MTO) process was discovered in 1976 and
Please cite this article in press as: Q. Qian, et al., Single-catalyst particle s
SAPO-34 and SSZ-13, Catal. Today (2013), http://dx.doi.org/10.1016/j.catto

ignificantly improved by the discovery of the SAPO-34 material
y Union Carbide [1,6]. Furthermore, the ethanol-to-olefins (ETO)
rocess has received recent attention owing to the interest in the
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full utilization in the production and use of bio-ethanol, which can
be obtained in large quantities from modern lignocellulosic biore-
fineries [1,7].

MTO  and ETO processes can be efficiently catalyzed by various
protonated zeolites or zeotype materials, among which SAPO-34
with large cavities (6.7 Å × 10.9 Å) interconnected through small
windows (3.8 Å × 3.8 Å) is currently one of the archetypal industrial
MTO  catalysts, giving up to 80% total carbon yield of propylene and
ethylene [8]. Moreover, the CHA topology is one of the few where
both the silicoaluminophosphate (SAPO-34) and aluminosilicate
(SSZ-13) analogs are readily synthesized [9]. It has been reported
that SSZ-13 displays higher acid strength than SAPO-34 [10]. As
a consequence, an enhanced production rate of olefins as well as
aromatics retained in the catalyst pores was observed for SSZ-13,
leading to a lower optimal temperature of operation [9].

Understanding the reaction mechanism and related deactiva-
tion pathways during catalytic processes are important topics as
this knowledge can be further translated into designing new and
improved catalyst materials. In the case of MTO,  there is a general
pectroscopy of alcohol-to-olefins conversions: Comparison between
d.2013.09.056

consensus that the reaction follows the hydrocarbon pool (HCP)
mechanism, in which methanol is subsequently added to an organic
scaffold [11–14]. While when using ethanol as a feed over H-ZSM-
5, an almost identical product distribution is found as for the MTO

dx.doi.org/10.1016/j.cattod.2013.09.056
dx.doi.org/10.1016/j.cattod.2013.09.056
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http://www.elsevier.com/locate/cattod
mailto:j.ruizmartinez@uu.nl
mailto:b.m.weckhuysen@uu.nl
dx.doi.org/10.1016/j.cattod.2013.09.056


 ING Model

C

2 is Toda

p
p
s
t
e
b
o
l
H
a
a
t
r
a
i
s
m
I
n
s
t
r
n
w
s

a
f
m
m
a
s
t
b
w
s
c
p

2

2

h
r
w
w
S
t
(
T
c
t
t
p
o
e

2

i
m
n

ARTICLEATTOD-8626; No. of Pages 11

Q. Qian et al. / Catalys

rocess. This suggests that ETO likely proceeds through similar HCP
athways [15]. Further investigations have shown that the trapped
pecies within the zeolite channels after ETO are very similar than
hose found after MTO, although they contain a higher amount of
thyl-substituted molecules [16,17]. The formation of hydrocar-
on species and their activity critically rely on the combination
f reaction conditions, size of the cages/channels of the molecu-
ar sieves as well as the acid site density and strength [5,14,18,19].
owever, active HCP species are often alkylated benzene molecules
nd their protonic counterparts [1,2,18,20]. Furthermore, these
ctive species in SAPO-34 readily convert into larger aromatics
hat eventually block the active sites and hinder the diffusion of
eactants as well as products [22,23]. Thus, the coke formation can
ffect the catalyst performance as it provokes variations in activ-
ty and selectivity. In the past decades, there have been intensive
tudies investigating the nature of the coke species and their for-
ation mechanism by using of a variety of analytical tools, such as

R, UV–vis, electron spin resonance (ESR), nuclear magnetic reso-
ance (NMR), gravimetrical (TEOM & TGA) and X-ray photoelectron
pectroscopy (XPS) [24–27]. Nevertheless, the number of methods
hat allows the investigation of the coke formation under realistic
eaction conditions is limited and even further diminishes when
on-invasive methods or spatial resolution criteria are requested,
hich is crucial considering the dynamic nature of the catalyst

ystem.
Recently, our group has reported that in the case of SAPO-34, the

ctive aromatic species, alkylated benzene carbocations, follow dif-
erent formation pathways during MTO  and ETO by using a set of

icro-spectroscopy techniques [21]. In this work, we  extend this
echanistic approach for the study of individual SSZ-13 crystals, an

luminosilicate with CHA structure, stronger acid sites and in this
pecific case lower acid site density. We  also include here an inves-
igation of the formation of bulkier poly aromatic species, which are
elieved to deactivate the material. These results will be compared
ith SAPO-34 ones and after that, the role of acid strength and acid

ite density on the kinetics, location and nature of distinct hydro-
arbon species during activation and deactivation in MTO  and ETO
rocesses will be assessed.

. Experimental

.1. Materials and experiments

The as-synthesized SAPO-34 and SSZ-13 materials under study
ave crystal sizes of 50 × 50 × 50 �m3 and 40 × 40 × 40 �m3,
espectively. Their synthesis procedure has been reported else-
here [28,29]. The Si/(Al + P) and Si/Al ratios are 0.204 and 17.7,
hich can be translated theoretically into two acid sites per cage for

APO-34 crystals and two acid sites per three cages for SSZ-13 crys-
als. The crystals were placed on the heating stage of an in situ cell
Linkam FTIR 600) equipped with a temperature controller (Linkam
MS  93) where they were heated. During each measurement, the
alcined crystals were first heated to 673 K at a rate of 15 K min−1,
hen heated to 823 K with a rate of 5 K min−1, and held at this
emperature for 1 h under N2 atmosphere. Subsequently, the tem-
erature was brought to the required reaction temperature at a rate
f 15 K min−1 after which the N2 was flowing through methanol or
thanol thereby acting as carrier gas.

.2. N2 physisorption analysis
Please cite this article in press as: Q. Qian, et al., Single-catalyst particle s
SAPO-34 and SSZ-13, Catal. Today (2013), http://dx.doi.org/10.1016/j.catto

N2-physisorption isotherms were recorded using a Micromer-
tics Tristar 3000 set-up operating at 77 K. Prior to physisorption

easurements, all samples were degassed for 12 h at 573 K in a
itrogen flow. BET surface areas were determined using 10 points
 PRESS
y xxx (2013) xxx– xxx

between 0.06 and 0.25. Micropore volumes (cm3 g−1) were deter-
mined by t-plot analysis for t between 3.3 and 5.4 Å to ensure
inclusion of all five minimum required pressure point.

2.3. Ammonia temperature programmed desorption

Acidity was investigated by temperature-programmed desorp-
tion (TPD) of ammonia under He flow (25 ml  min−1) using a
Micromeritis Autochem II equipped with a TCD detector. 50 mg of
catalyst was  loaded and dried at 873 K for 1 h, then cooled down to
373 K. After that, pulses of ammonia were introduced up to satu-
ration of the catalyst material. The TPD was performed up to 873 K
with a heating ramp of 5 K min−1.

2.4. In situ UV–vis micro-spectroscopy

The UV–vis micro-spectroscopy measurements were performed
with an Olympus BX41 upright microscope using a 50 × 0.5 NA
high working-distance microscope objective lens. A 75 W tungsten
lamp was  used for illumination. In addition, the microscope has a
50/50 double viewpoint tube, which accommodates a CCD video
camera (ColorView IIIu, Soft Imaging System GmbH) and an optical
fiber mount. A 200 �m core fiber connects the microscope to a CCD
UV–vis spectrometer (AvaSpec-2048TEC, Avantes BV).

2.5. In situ confocal fluorescence microscopy

The confocal fluorescence microscopy studies were performed
with a Nikon Eclipse LV150 upright microscope with a 50 × 0.55 NA
dry objective lens. The confocal fluorescence microscopy images
were collected with the use of a Nikon-Eclipse C1 head connected
to the laser light sources (488 and 561 nm). The emission was
detected with two  photomultiplier tubes in the range 510–550
and 575–635 nm for the two  lasers, respectively (in order to avoid
channel overlap).

2.6. In situ synchrotron-based IR micro-spectroscopy

Synchrotron-based IR spectra were collected at beamline SMIS
located at the French National Synchrotron SOLEIL (Paris, France).
A Thermo Nicolet NEXUS 70 spectrometer, coupled to a Continuum
XL microscope was  used with the synchrotron light as the IR source.
The microscope was equipped with a 15 × 0.5 NA Schwarzschild
objective, a motorized x and y mapping stage and an adjustable
rectangular aperture. For typical MTO  and ETO measurements, the
SAPO-34 crystals were placed in the in situ cell (Linkam FTIR 600)
and heated up to 723 K in dry air (heating rate 15 K min−1) for
30 min  to activate the molecular sieves. Subsequently, the in situ
cell was  brought to reaction temperatures (15 K min−1), and the
alcohols were fed into the cell with several pulses. Spectra were
collected during and after each pulse. For each measurement, the
crystals were placed on a CaF2 window located on the motorized (in
x/y) mapping stage, recording the mid-IR (4000–1300 cm−1) spec-
trum in transmission mode with a spectral resolution of 4 cm−1 and
32 or 16 scans co-added. An aperture of IR beam 20 × 20 �m2 was
used to follow the MTO  and ETO reactions in situ. Background mea-
surements were performed with a spectral resolution of 4 cm−1 and
64 scans per spectrum.

3. Results and discussion
pectroscopy of alcohol-to-olefins conversions: Comparison between
d.2013.09.056

3.1. Textural properties and acidity of the materials

Table 1 summarizes the textural properties of the two  mate-
rials under study, i.e., SAPO-34 and SSZ-13, as measured by N2

dx.doi.org/10.1016/j.cattod.2013.09.056
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Table 1
Textural properties of the large SAPO-34 and SSZ-13 crystals under study.

Sample BET surface
area (m2 g−1)

Micropore volume
(cm3 g−1)

Mesopore volume
(cm3 g−1)

p
p
a
o
t
m
p
a

t
t
d
t
f
m
t
d
a
c
t
a
d
a
1
d
s
[

3

S
i
M
c
t
a

F
a

SAPO-34 492 0.229 0.010
SSZ-13 486 0.231 0.037

hysisorption. The large SAPO-34 crystals are essentially micro-
orous, which suggest that the crystals possess low defects content
nd the porosity is coming mainly from the microporous structure
f the silicoaluminophosphate. In the case of its zeolitic coun-
erpart, SSZ-13, despite most of the porosity originates from the

icroporous structure of the material, a certain amount of meso-
orosity is observed, reflecting a less ideal and most likely more
ccessible material.

The ammonia TPD profiles of the large SAPO-34 and SSZ-13 crys-
als are presented in Fig. 1. The SSZ-13 and SAPO-34 materials show
wo distinct peaks at low and high temperatures. The ammonia
esorption peak at around 423 K is ascribed to weak acid sites due
o hydroxyl groups at the external surface of the material, there-
ore they are not related to the active species inside the cages of the

olecular sieves [30,31]. The ammonia desorption peak at higher
emperature corresponds to sites with stronger acidity, most likely
ue to Brønsted acid sites inside the cages. This peak is located at
round 623 K for SAPO-34 and at around 688 K for SSZ-13. Two main
onclusions can be drawn from the ammonia TPD results. First,
he profiles clearly show that the SAPO-34 large crystals possess

 higher amount of acid sites, and consequently a higher acid site
ensity. This observation is in line with the theoretical values of two
cid sites per cage for SAPO-34 and 0.66 acid sites per cage for SSZ-
3. Second, the temperature difference between the second peak of
esorption for SSZ-13 and SAPO-34 is indicative for a stronger acid
ites in the former material, which is in line with literature data
10].

.2. In situ UV–vis micro-spectroscopy

In order to fully compare the differences between SSZ-13 and
APO-34, with respect to the activation and deactivation processes,
n situ UV–vis micro-spectroscopy has been applied. During each
Please cite this article in press as: Q. Qian, et al., Single-catalyst particle s
SAPO-34 and SSZ-13, Catal. Today (2013), http://dx.doi.org/10.1016/j.catto

TO  or ETO experiment, the micron-sized SSZ-13 and SAPO-34
rystals were heated to distinct reaction temperatures at which
hey were exposed to a flow of alcohol vapor. During the MTO
nd ETO reactions, pronounced color changes were observed over

ig. 1. Ammonia temperature programmed desorption profiles for the large SSZ-13
nd SAPO-34 crystals under study.
 PRESS
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SSZ-13 and SAPO-34 crystals, which are indicative for specific
chemical transformation processes. Fig. 2a and c presents a selec-
tion of optical micro-photographs of an individual SSZ-13 and
SAPO-34 crystal taken throughout the MTO  reaction at reaction
temperatures of 528 K and 563 K, respectively. Due to the different
reactivity of the two catalyst materials under study, they were eval-
uated at different temperatures to allow a better comparison [9].
For micron-sized SSZ-13 crystal, the color changes into yellow after
410 s, and the crystal subsequently turns into orange, and displays
a brown color in the end. In contrast, when performing the same
MTO  on SAPO-34, a strong yellow coloration is observed along the
edges of the crystal, with the highest color intensity after ∼75 s on-
stream. Subsequently, the crystal becomes more translucent, the
fade rate being dependent on the reaction temperature [21,32].

To correlate the differences observed in the crystal coloration
with changing reactivity, the corresponding spectra were recorded
during each measurement, which were taken from a 2 �m spot
in the central area of the crystals. As shown in Fig. 2b and d, the
most prominent feature for both sets of UV–vis spectra is a strong
absorption band located at around 400 nm,  which is responsible
for the yellow coloration and assigned to highly methylated ben-
zenium carbocations [32,33]. With time-on-stream, the intensity
of this absorption band starts to decrease drastically for SAPO-34
as shown in Fig. 2d, which is in line with the fading crystal color
(Fig. 2c). Instead, in the case of SSZ-13, the intensity of the 400 nm
absorption band decreases only to a small extent with time-on-
stream (Fig. 2b). Furthermore, for longer reaction time, a second
absorption band appears at around 480 nm and later on a weak and
broad band rises at around 580 nm,  which is particularly evident in
the case of the more acidic SSZ-13 material, as reported previously
[5].

The ETO performances of the micron-sized SSZ-13 and SAPO-34
crystals were also compared. Likewise, two  different temperatures
for the two  catalyst materials are displayed, i.e., 461 K for SSZ-13
and 509 K for SAPO-34. As shown in Fig. 2e, the SSZ-13 crystal grad-
ually turns from yellow to light brown with time-on-stream, while
in the case of the SAPO-34 crystal, a faster coloration from yellow
to dark orange was  observed, as illustrated in Fig. 2g. Moreover, the
colors for both catalyst materials during the ETO process are rather
homogeneously distributed throughout the whole crystal, which
is clearly different as compared to the MTO  process. This observa-
tion suggests that the formation of HCP species follows different
pathways during MTO  and ETO, as shown in a recent work [21].
The corresponding UV–vis spectra are depicted in Fig. 2f and h. The
absorption band at around 400 nm steadily grows for both crys-
tals, however, the absorption band is increasing faster in intensity
for SAPO-34. Moreover, an additional absorption band at around
500 nm becomes more evidenced at a later stage of the ETO reaction
in the case of SAPO-34.

The large variety of carbonaceous species, formed during the
MTO and ETO processes conducted on both SSZ-13 and SAPO-34
crystals, is clearly reflected in the complexity of the correspond-
ing UV–vis spectra. For a reliable quantification of the intensities
of the UV–vis absorption bands, we have developed and applied a
systematic deconvolution procedure for both reactions over SSZ-13
and SAPO-34 at different temperatures [5,21,32,34]. Table 2 sum-
marizes the Gaussian function dataset to deconvolute the UV–vis
spectra obtained during MTO  and ETO on SAPO-34 and SSZ-13. It is
important to remark here that in all four cases under investigation,
similar absorption band positions of the chosen Gaussian functions
were required, which suggests a similar nature of the HCP species
formed within the cages of both SAPO-34 and SSZ-13 crystals. This
pectroscopy of alcohol-to-olefins conversions: Comparison between
d.2013.09.056

finding suggests that the nature of the HCP species is likely deter-
mined by the pore structure of the material. Five Gaussian bands,
located at approximately 400, 448, 505, 580 and 670 nm, are nec-
essary to reconstruct the experimental UV–vis spectra, whereas

dx.doi.org/10.1016/j.cattod.2013.09.056
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Fig. 2. Optical micro-photographs and corresponding UV–vis spectra during the methanol-to-olefins (MTO) reaction conducted at 528 K over an individual 40 �m-sized
S tal (c 

r ) and 

t

a
c
t
b
b
f
[
t

T
O
a

SZ-13 crystal (a and b) and at 563 K over an individual 50 �m-sized SAPO-34 crys
eaction conducted at 461 K over an individual 40 �m-sized SSZ-13 crystal (e and f
ime-on-stream.

 wide absorption band with a maximum at 700 nm is used to
orrect for the increasing baseline during the MTO  and ETO reac-
ions. Although it is not straightforward to assign each Gaussian
and to one particular type of HCP species, our latest progress from
Please cite this article in press as: Q. Qian, et al., Single-catalyst particle s
SAPO-34 and SSZ-13, Catal. Today (2013), http://dx.doi.org/10.1016/j.catto

oth experimental data and theoretical calculations provides use-
ul insight into the chemistry behind the deconvolution procedure
5]. More specifically, the 400 nm absorption band can be assigned
o �–�* transitions of poly-alkylated benzene (PAB) carbocations,

able 2
verview of the band positions and widths of the Gaussian functions used for the deconv
nd  ethanol-to-olefins (ETO) processes over individual SAPO-34 and SSZ-13 crystals.

Position and width (between brackets) in nanometers 

MTO  on SAPO-34 403 (31) 448 (42) 505 

ETO  on SAPO-34 405 (33) 448 (46) 510 

MTO  on SSZ-13 400 (31) 448 (45) 505 

ETO  on SSZ-13 405 (33) 448 (46) 510 
and d) as a function of time-on-stream. The same for the ethanol-to-olefins (ETO)
at 509 K over an individual 50 �m-sized SAPO-34 crystal (g and h) as a function of

which are considered to be the most active species during MTO
reaction [13,32,35,36]. Bands with higher wavelengths can be ratio-
nalized in terms of an increased size of trapped alkylated aromatic
compounds [21,34]. Furthermore, with the aid of state-of-art time-
pectroscopy of alcohol-to-olefins conversions: Comparison between
d.2013.09.056

dependent DFT calculations combined with molecular dynamics
(MD), it is now possible to assign these UV–vis bands in more
detail [37]. Most of the single-ring aromatic cations contribute to
the 400 nm band and bicyclic species containing up to four methyl

olution of the in situ UV–vis absorption spectra for the methanol-to-olefins (MTO)

of the Gaussian functions

(46) 580 (50) 670 (65) 700 (800)
(55) 590 (60) 675 (62) 700 (800)
(48) 575 (60) 665 (65) 700 (800)
(50) 585 (60) 670 (65) 700 (800)

dx.doi.org/10.1016/j.cattod.2013.09.056
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Fig. 3. Absorbance intensity of the Gaussian bands at 400 nm and 580 nm as a function of time-on-stream for the methanol-to-olefins (MTO) reactions over individual
4  (c an
c t react

S

g
h
A
l
l
p
o
a
n

t
E
p
c

0  �m-sized SSZ-13 crystals (a and b) and individual 50 �m-sized SAPO-34 crystals
rystals (e and f) and individual 50 �m-sized SAPO-34 crystals (g and h) at differen

ource: Fig. 3c and g were adapted from Ref. [21].

roups show broader absorption bands extending to 450 nm,  while
eavier ones contribute to the absorption band around 505 nm.
dditionally, the phenanthrenic species show high absorbance at

onger wavelengths, in particular around 560 nm. Moreover, the
argest ring system that can be accommodated in the cages is
yrene, which absorbs light at even longer wavelength. On the
ther hand, methylated naphthalenes only possess very limited
ctivities toward olefins production and HCP species with a higher
umber of aromatic rings are no longer active [5,38,39].

By applying the above mentioned deconvolution procedure to
Please cite this article in press as: Q. Qian, et al., Single-catalyst particle s
SAPO-34 and SSZ-13, Catal. Today (2013), http://dx.doi.org/10.1016/j.catto

he four sets of UV–vis absorption spectra obtained for the MTO  and
TO reaction over individual SAPO-34 or SSZ-13 crystals, it has been
ossible to determine the absorbance intensities of the Gaussian
urves at 400 and 580 nm at different reaction temperatures as a
d d), for the ethanol-to-olefins (ETO) reactions over individual 40 �m-sized SSZ-13
ion temperatures.

function of time-on-stream. The main reason to limit our discussion
to these two  Gaussian functions is because these two absorption
bands are well resolved from each other and no band overlapping
occurred. In addition, the 400 nm band is indicative for the most
active HCP species, while the 580 nm band is representative for PA
species, the deactivating HCP species. In other words, by monitoring
the intensities of 400 nm and 580 nm bands we can directly assess
the contributions of specific markers for active and deactivating
species. The results of this spectroscopic approach are summarized
in Fig. 3.
pectroscopy of alcohol-to-olefins conversions: Comparison between
d.2013.09.056

In the case of the 400 nm absorption band during the MTO
process, as illustrated in Fig. 3a and c, it is evident that in the low
temperature region (i.e., below 600 K for SSZ-13 and below 617 K
for SAPO-34), the two crystals behave very similarly. First, the

dx.doi.org/10.1016/j.cattod.2013.09.056
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ig. 4. Arrhenius plots of the fitted curves corresponding to the intensity profiles of 

n  individual 40 �m-sized SSZ-13 crystals and individual 50 �m-sized SAPO-34 cry

ource: Data for MTO  and ETO reactions on SAPO-34 crystal were taken from Ref. [2

ormation rate for the band of the active HCP species increases with
ncreasing temperature. Second, for all temperatures in this region
he intensity of this absorption band decreases after reaching

 maximum. The similarities suggest a similar PAB formation
ath for the two crystals. In the case of the 580 nm absorption
and during the MTO  process, as illustrated in Fig. 3b and d, clear
emperature differences exist when comparing the two crystals.

ore specifically, for SSZ-13 the intensity of this band is already
ery pronounced at the lowest reaction temperatures (i.e., 505 K
nd 518 K) as shown in Fig. 3b. While for SAPO-34, the growth
f the 580 nm absorption band is very slow when the reaction
emperature is below 553 K (Fig. 3d). Interestingly, the onset in the
ormation of the 580 nm absorption band corresponds with a drop
f the 400 nm absorption band. This observation is more evidenced
n the case of SSZ-13 with less acid site density (condensation of
djacent HCP species is thus avoided [27]), which is an indication
hat deactivating PA species are most likely formed from the
ctive single-ring aromatics [1,2]. Furthermore, it was suggested
y theoretic modeling that the side-chain methylation might be a
eactivating route leading to coke precursors rather than olefins
roduction [40]. Thus, the formation of PA species, as represented
y the 580 nm absorption band, is likely based on methylation
ollowed by condensation reactions of active PAB species.

In the case of the 400 nm absorption band during ETO over SSZ-
3 and SAPO-34, as shown in Fig. 3e and g, it can be seen that faster
inetics takes place with increasing temperature in the reaction
emperature window under study. Furthermore, the intensity of
his absorption band slightly drops after reaching a maximum for
APO-34, whilst for SSZ-13 a slow increase is observed. In the case of
he 580 nm absorption band for ETO, the temperature dependency
or the two crystals is the same, as the fact that a faster kinetics
ccurs for both crystals. Nevertheless, the intensity of this absorp-
ion band is much more pronounced for SAPO-34 as compared to
SZ-13, which might be due to its higher acid site density [41].

In order to analyze the data in more detail, time evolution pro-
les of the 400 nm absorption band from the above mentioned four
ets of experiments were fitted into a first-order reaction. The pro-
edure was reported in previous works [5,21]. More specifically, for
ach band the evolution of the maximal absorbance as a function of
ime was monitored at different temperatures. The rapidly increas-
ng regions in the absorbance (A) versus time (t) curves (see Fig. 3a,
, e and g) that follow first-order kinetics were selected and fit-
ed to the equation ln(Amax − A) = ln(Amax) − k·t. Thus we corrected
or an induction period at the beginning and for the occurrence of
econdary reactions near the end of the process. For example, the
Please cite this article in press as: Q. Qian, et al., Single-catalyst particle s
SAPO-34 and SSZ-13, Catal. Today (2013), http://dx.doi.org/10.1016/j.catto

egions between 0.2Amax and 0.5Amax for MTO  over SAPO-34 and
etween 0.2Amax and 0.7Amax for ETO over SAPO-34 were used.
herefore, from this fitting procedure the rate constant k for each
eaction temperature (T) can be determined. Consequently, the
sorption band at around 400 nm obtained from the in situ UV–vis spectra measured
uring (a) the methanol-to-olefins (MTO) and (b) ethanol-to-olefins (ETO) reactions.

ta for MTO  reactions on SSZ-13 crystal was taken from Ref. [5].

ln(k) as a function of 1/T  is depicted in Fig. 4. The slope of these
Arrhenius curves is denoted as the activation energy (Ea) of for-
mation of the PAB carbocations responsible for the increase of the
400 nm absorption band in the UV–vis spectra. Moreover, the time
interval (�t) of the first-order reaction region is also used as a sec-
ond method to determine the activation energy (Ea), as calculated
from the slope of the ln(1/�t) − 1/T  plot.

In the Arrhenius plot, depicted in Fig. 4a and b, the activation
energy (Ea) for the formation of PAB carbocations can be obtained
from the slope of the curve. In the case of MTO reaction, the Ea

for the formation of the 400 nm band is 98 kJ mol−1 for SAPO-
34 and 76 kJ mol−1 for SSZ-13, as shown in Fig. 4a. These values
show a strong correlation with the theoretical rates of methyla-
tion reactions, indicating that the methylation reactions are rate
determining steps for the formation of PAB carbonations in both
SAPO-34 and SSZ-13 crystals [5]. Furthermore, the Ea value is lower
for SSZ-13, which is most probably due to its higher acid strength
as suggested both experimentally and theoretically [5,9]. Another
evidence for acid strength governing the PAB formation is that
although SSZ-13 crystals possess a lower acid site density, it still
exhibits a much faster formation rate in all measured temperatures
as compared to SAPO-34 crystals.

In contrast, for ETO, the calculated Ea values for PAB forma-
tion, represented by the 400 nm absorption band, are rather similar
when comparing the SAPO-34 and SSZ-13 crystals, which are 57
and 55 kJ mol−1, respectively. Those Ea values are comparable to the
Ea for the condensation of light olefins into aromatic species [21,42].
Furthermore as reported previously, it demonstrates that indeed
ETO over SAPO-34 exhibits different mechanisms with respect to
the generation of PAB carbocations at low temperatures as com-
pared to MTO  [21]. Hence, one would expect that the same reaction
route holds for the ETO over SSZ-13 as compared to SAPO-34. The
comparable Ea values for the SAPO-34 and SSZ-13 materials indi-
cate that the acid strength does not play a major role with respect
to the PAB formation for ETO. In other words, the acid strength
does not influence the condensation of light olefins into aromatics
to a large extent as this is the major route for the formation of PAB
carbocations.

In order to monitor the deactivation of the crystals, the inten-
sity ratios of the absorption bands at 580 nm and 400 nm band has
been analyzed. Fig. 5 displays these ratios calculated at the reaction
time when the 580 nm absorption band reaches a maximum. In the
case of MTO, it can be deduced from Fig. 5a that a volcano type of
curve in the measured temperature region exists for both catalyst
materials. As PA species are most likely formed from methylation
pectroscopy of alcohol-to-olefins conversions: Comparison between
d.2013.09.056

followed by condensation of PAB species as discussed above, this
observed volcano type temperature-dependency can be rational-
ized by an “alkylation-dealkylation” equilibrium of aromatics as
reported previously in ZSM-5 catalyst [43]. However, a maximum

dx.doi.org/10.1016/j.cattod.2013.09.056
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ig. 5. Absorbance intensity ratios between the Gaussian band at ∼580 nm and 400 n
MTO)  and (b) during the ethanol-to-olefins (ETO) when the absorbance of the 580

f the intensity ratio occurs at 518 K and 576 K for SSZ-13 and SAPO-
4, respectively. As the formation of different types of HCP species
irectly affect the performance of the catalyst materials, the shift of
he observed temperature may  strongly affect the operation tem-
erature of the MTO  reactions over SAPO-34 and SSZ-13 samples.
his is in line with previous observations, where the optimum con-
ersion capacity of SSZ-13 was shifted to lower temperature for
bout 50 K due to its higher acid strength [9]. Therefore, it seems
ery reasonable to conclude that it is the different acid strength
hat affects the methylation reactions, which induces a temperature
hift in the optimum formation of different types of HCP species
ncluding both PAB and PA carbocations. Hence, a temperature shift
n the optimum MTO  performance can be obtained. Moreover, in
he case of SAPO-34, the decrease in the ratio above 576 K means
hat the retained hydrocarbons contain less PA, which is in good
greement with previously reported results [9].

In the case of ETO, the ratio between the amount of PA
pecies (deactivating species) and PAB carbocations (active species)
ncreases with increasing reaction temperature for both catalyst

aterials until reaching a maximum, as illustrated in Fig. 5b. This is
ifferent from the volcano type of temperature-dependency behav-

or observed from MTO  (Fig. 5a), which implies that there is no clear
irect connection between the formation of PA and PAB species. In
ther words, “alkylation-dealkylation” equilibrium/reactions does
ot apply in the ETO process for formation of HCP species, at least
ot to a large extent. Instead, olefins condensation is more reason-
ble to contribute to the PA formation. Therefore, the higher ratios
s well as the faster formation of HCP species (both PA and PAB
olecules) (evidenced by Figs. 3f, 4h and 4b) for SAPO-34 at all reac-

ion temperatures can be well explained. The reason is that higher
cid site density favors condensation reactions as reported previ-
usly [27]. Thus, different from the case of MTO, the acid strength of

 porous material is not the major factor for governing PA formation
uring ETO.

.3. Confocal fluorescence microscopy

The spatiotemporal distribution of carbonaceous species within
ndividual SSZ-13 crystals was monitored by confocal fluorescence

icroscopy as such species exhibit fluorescence in the visible light
egion. As a result, 2D and 3D maps of carbonaceous species can be
onstructed with sub-micrometer resolution [44,45]. Furthermore,
he optical properties of the carbon species can be related to their

olecular dimensions, where the more conjugated and extended
ompounds absorb light at higher wavelengths [32,34]. This allows
Please cite this article in press as: Q. Qian, et al., Single-catalyst particle s
SAPO-34 and SSZ-13, Catal. Today (2013), http://dx.doi.org/10.1016/j.catto

s to discriminate between different coke species by exciting the
ample with distinct laser lines. In this work, two different laser
ines have been used; i.e., at 488 and 561 nm with the fluorescence
etection region set at 510–550 and 575–635 nm,  respectively.
 function of reaction temperature taken (a) during the methanol-to-olefins reaction
nd reaches a maximum.

Fig. 6 depicts a series of confocal fluorescence microscopy
images in the middle plane of a single SSZ-13 and SAPO-34 crystals
collected during MTO  at 600 K and ETO at 509 K. The images show
the combination of the light emitted upon excitation with the 488
and 561 nm lasers and illustrate the location of the less and more
extended coke species (from green to red, respectively) [21]. It is
important to note that this technique was  used as an imaging tool
and no quantitative information can be extracted from this study.
This is due to the fact that the sensitivity of the fluorescence detec-
tors for the two lasers might differ from each experiment because
those settings were chosen for the best display of the fluorescence
species. Therefore the evolution of the HCP species with respect to
the size and distribution can be followed within one crystal. For
MTO  on SSZ-13 at 600 K, as shown in Fig. 6a, the formation of the
fluorescent species is concentrated in the outer rim of the crystal
and the light emitted goes from green to red with time-on-stream.
This observation can be explained in terms of the formation of more
extended HCP species. This is similar to the previous findings for
MTO on SAPO-34 crystal at 600 K (Fig. 6b), which demonstrates
again that HCP species formation follows the same pathway i.e.
methylations for both catalyst materials, and the outer rim has a
higher concentration of methanol [21]. However, the active rim is
thicker in the case of SSZ-13, which is likely due to its less acid site
density. Less acid site density leads to a lower density of formed HCP
species, thus a better accessibility of the crystal can be obtained.
Therefore, the size of active zone in a single crystal can be governed
by the acid site density, further affecting the catalytic performance
of the material.

When performing ETO reaction at 509 K over SSZ-13 (Fig. 6c),
the fluorescent signal was detected in the outer rim of the crystal
at the beginning of the reaction, and it moves inwards with time-
on-stream, where the intergrowth structure is clearly visible in a
same fashion as for SAPO-34 (Fig. 6d). This proves again that the
fluorescent species are formed from mobile olefins in both catalyst
materials [21]. After 15 min  on-stream, the pattern for the SSZ-13
crystal is less homogeneous than the one for the SAPO-34 crystal,
which might be due to its lower acid site density and consequently
a lower reaction rate of olefins condensation. The confocal fluores-
cence microscopy measurements illustrate that acid site density
influences the distribution and amount of formed HCP species
within single crystals.

3.4. In situ infrared micro-spectroscopy

In a final part of our combined micro-spectroscopy investiga-
pectroscopy of alcohol-to-olefins conversions: Comparison between
d.2013.09.056

tion we  aimed to gain more insight into chemical nature of the HCP
species formed within individual SSZ-13 and SAPO-34 crystals dur-
ing MTO  and ETO. For this purpose, we  have employed synchrotron-
based IR micro-spectroscopy, which provides spectroscopic

dx.doi.org/10.1016/j.cattod.2013.09.056
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Fig. 6. Confocal fluorescence microscopy images during the methanol-to-olefins (MTO) reaction with time-on-stream at 600 K over (a) an individual 40 �m-sized SSZ-13
crystal  and (b) an individual 50 �m-sized SAPO-34 crystal (Figure adapted from Ref. [21]). Confocal fluorescence microscopy images during the ethanol-to-olefins (ETO)
r rystal 
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o
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eaction with time-on-stream at 509 K over (c) an individual 40 �m-sized SSZ-13 c
e)  Schematics of the crystal, the plane represents where the measurements have be
wo  laser lines with an excitation of 488 nm (detection at 510–550 nm) and 561 nm

ngerprints of the type and amount of aromatic and aliphatic
ydrocarbons formed, as well as of the hydroxyl groups interacting
ith the encaged organic molecules at the single particle level [21].

Fig. 7 compares the IR spectra obtained for an individual acti-
ated SSZ-13 crystal before and after three pulses of methanol and
thanol at 553 K, respectively. For sake of better comparison, the IR
Please cite this article in press as: Q. Qian, et al., Single-catalyst particle s
SAPO-34 and SSZ-13, Catal. Today (2013), http://dx.doi.org/10.1016/j.catto

pectra taken before and after same reactions for SAPO-34 crystal
re also included [21]. The IR spectra were taken from a spot size
f 20 × 20 �m2 in the center of the crystal. One can now consider
hree important regions in the measured IR spectra, i.e., the O H
and (d) an individual 50 �m-sized SAPO-34 crystal (figure adapted from Ref. [21]).
rformed. The colors shown in the figure represent the fluorescence originated from
ction 565–635 nm).

stretching vibration region (>3500 cm−1), the C H stretching vibra-
tion region (2800–3100 cm−1) and the C C stretching and C H
deformation vibration region (1350–1650 cm−1) [21]. As can be
concluded from Fig. 7a, the SSZ-13 crystal has Brønsted acidity with
two characteristic bands located at ∼3600 and 3575 cm−1, while
the band at ∼3730 cm−1 is assigned to silanol groups. The sharpness
pectroscopy of alcohol-to-olefins conversions: Comparison between
d.2013.09.056

of the O H band at 3595 cm−1 for SAPO-34, shown in Fig. 7a’, and
the absence of other bands in the OH stretching vibration region
suggest that silicon is homogeneously distributed [21]. Addition-
ally, the higher intensity of the O H band at 3595 cm−1correlates

dx.doi.org/10.1016/j.cattod.2013.09.056
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Fig. 7. Synchrotron-based IR spectra of an individual 40 �m-sized SSZ-13 crystal (a)
before alcohol-to-olefins (ATO) reaction, (b) after three pulses of methanol, and (c)
after three pulses of ethanol at 553 K. Synchrotron-based IR spectra of an individual
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Fig. 8. (a) Subtracted synchrotron-based IR spectra from reaction during the first
pulse of methanol over an individual 40 �m-sized SSZ-13 crystal at 553 K, the pulse
lasted for 1 min  and 20 s, and the interval of the displayed spectra is 40 s during
the  pulse and 1 min  after the pulse. (b) Subtracted IR spectra from the first pulse
0  �m-sized SAPO-34 crystal (a ) before reaction, (b ) after three pulses of methanol,
nd (c′) after three pulses of ethanol at 553 K (Figures a′ , b′ , and c′ are adapted from
ef.  [21]). The IR signal in the case of SSZ-13 is multiplied by a factor of 2.

ith a higher acid site density as compared to SSZ-13, which is in
ine with the NH3-TPD results, discussed above. After performing
he ATO reactions, all IR bands in the O H region decrease, which
ndicates a loss of the Brønsted acid sites in both catalyst materials
s well as in the silanol groups in the SSZ-13 crystal. The loss of
hose species is strongly attributed to the formation of protonated
CP species as well as alkoxy groups. For the IR bands in the C H

tretching region, three bands centered at around 2955, 2925 and
870 cm−1 appear during ATO reactions on both SAPO-34 and SSZ-
3. They are representative for the formation of alkyl groups on
romatic rings [16]. Furthermore, when comparing MTO  and ETO,

 much more pronounced C H stretching region is observed in the
TO  reaction than in the ETO for both catalyst materials. Hence,

ne can conclude that there is a higher alkylation degree of the
CP species during MTO  than during ETO on both crystals, which is
ue to the different formation paths for MTO  and ETO as reported
reviously from our group [21].

If we compare the same ATO reaction on SSZ-13 and SAPO-34
rystals, the differences are also clear. The intensity in the aliphatic
-H region is higher for the SAPO-34 than SSZ-13 crystals, which
uggests that more alkylated HCP species are formed on SAPO-34
ost probably due to its higher acid site density. Moreover, in the

 C vibration and C H deformation stretching region, for MTO
Fig. 7b and b′), the bands at ∼1460 cm−1 and 1380 cm−1 can be
ound in both catalyst materials, which are most likely due to the

 C ring skeletal vibration of aromatics and bending vibration of
Please cite this article in press as: Q. Qian, et al., Single-catalyst particle s
SAPO-34 and SSZ-13, Catal. Today (2013), http://dx.doi.org/10.1016/j.catto

ethyl groups on benzenes, respectively [46,47]. This means that
he active HCP species in both catalyst materials are methylated
enzenes. However, an additional band in this region (∼1425 cm−1

or SSZ-13 and ∼1506 cm−1 band for SAPO-34) suggests the
of  ethanol over an individual 40 �m-sized SSZ-13 crystal at 553 K, the pulse lasted
for  1 min  20 s, and the interval of the displayed spectra is 40 s during the pulse and
1  min  after the pulse.

formation of distinct HCP species (e.g., different positions of alkyl
groups or different number of rings) owing to their distinct activity
i.e. acid strength.

For ETO (Fig. 7c and c′), the 1620 cm−1 band is observed for both
cases, while one additional pronounced band at around 1590 cm−1

is evident for the SAPO-34 crystal. The former band is ascribed to
the ring carbon–carbon skeletal vibrations for aromatics and the
latter band is typical where the aromatic ring is conjugated further,
e.g. PA molecules [47]. This shows that HCP species have a more
conjugated nature in case of SAPO-34, which is in line with UV–vis
results as more PA species formed in SAPO-34 due to its higher acid
site density.

Fig. 8a and b displays the evolution of the synchrotron-based IR
spectra in a single SSZ-13 crystal in the first pulse during MTO  and
ETO in more detail. The pulse for both cases lasted for 1 min  and
20 s, and the IR spectra were taken every 40 s during the pulse and
pectroscopy of alcohol-to-olefins conversions: Comparison between
d.2013.09.056

1 min  after the pulse in both cases. During the pulse of methanol,
a decrease of Brønsted acidity and amount of silanol groups was
observed, meanwhile two IR bands at ∼1455 cm−1 and ∼2978 cm−1

(similar as for SAPO-34 crystal [21]) rise at the beginning of the

dx.doi.org/10.1016/j.cattod.2013.09.056
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TO, indicating that the reaction is taking place. These two bands
re most likely due to the formation of methoxy groups (methyl
eformation mode and stretching vibration mode), which con-
ribute to the removal of the acid sites at the early stage of the

TO reaction [48,49]. When the pulse is off, the two bands dis-
ppear and the acid sites are partially recovered. Interestingly, the
ntensity of the silanol groups remains the same after switching off
he methanol flow, indicating that only methoxy species generated
rom Brønsted acid sites are reactive. As a result of the depletion of

ethoxy species, several new bands are formed. Specifically, two
ands located at ∼1463 and 1385 cm−1, are indicative for the for-
ation of methylated benzenes as discussed above [46]. The IR

and at ∼2925 cm−1 is assigned to the stretching vibration of the
 H bond from alkyl groups on aromatics [46]. In addition, the
425 cm−1 band is likely originated from C H bending vibration
f methylated aromatic carbocations. It is reasonable to propose
hat the new species i.e. methylbenzenes are HCP molecules gen-
rated via methylation reactions, as evidenced from the previously
escribed UV–vis results. These methylated benzene carbocations
re therefore responsible for the absorption at ∼400 nm in UV–vis
pectra as discussed in detail in our previous work [21].

In the case of synchrotron-based IR data for ETO, as illustrated in
ig. 8b, a slight decrease is observedin the amount of both Brønsted
cid sites and silanol groups when the pulse starts. Interestingly,
he slow decrease in Brønsted acidity continues when the pulse is
ff and suggests that the formation of the protonated HCP species
n the ETO process is not related to surface species created exclu-
ively at Brønsted acid sites. The same behavior was also observed
or SAPO-34 during ETO [21]. The lower decreasing rate of Brønsted
cidity for SSZ-13, which corresponds with less HCP species forma-
ion as shown in the UV–vis spectra, is due to its lower acid site
ensity. In addition, for the SSZ-13 crystal an absorption band at
round 1620 cm−1 appears at the beginning of the reaction, and
ontinuously increases even in the absence of ethanol. This band
as been assigned to �(C C) modes of a complex mixture of car-
onaceous, e.g. aromatic species [33,50,51], which is formed from
ondensation of olefins. At the end of the first pulse, bands at ∼2925
nd 1460 cm−1, similar to the ones from MTO  yet with much lower
ntensities, suggest the formation of alkylated aromatic species.

. Conclusions

The catalytic performance of individual micron-sized SSZ-13
nd SAPO-34 crystals have been compared during methanol-
o-olefins (MTO) and ethanol-to-olefins (ETO) reactions by a
ombination of three micro-spectroscopy techniques. More specif-
cally, UV–vis micro-spectroscopy has been applied to follow the
ormation of two distinct HCP species (i.e., markers of an active
nd a deactivating species) in a quantitative manner as a function
f reaction time and temperature. In addition, confocal fluores-
ence microscopy has been used to unravel the spatiotemporal
istribution of formed HCP species within one crystal. Finally,
ynchrotron-based IR micro-spectroscopy provided insight into the
olecular structure and amount of the HCP species as well as the

nteractions of these molecules with the acid sites.
It was found that the SAPO-34 and SSZ-13 crystals are very sim-

lar MTO  and ETO catalyst materials when comparing the nature
f the formed HCP species as well as the formation pathways of
hese species. The formation of the most active HCP species, i.e.,
oly-alkylated benzene (PAB) carbocations, as characterized by an
bsorption band at around 400 nm band, was studied and fitted
Please cite this article in press as: Q. Qian, et al., Single-catalyst particle s
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ith first-order kinetics. In the case of MTO, it was  found that
he methylation reactions are responsible for PAB formation in
oth SAPO-34 and SSZ-13, whilst for ETO olefin condensation is
overning the overall process. This is in agreement with the IR
 PRESS
y xxx (2013) xxx– xxx

micro-spectroscopy data as the HCP species formed during MTO
has a higher degree of alkylation than those observed during ETO.
Moreover, the deactivating species, e.g. poly aromatic (PA) carbo-
cations, as characterized by an absorption band at around 580 nm,
was also studied in a quantitative way. It was found that the PA
species are most likely formed at the expense of PAB species for
both crystals during MTO, more specifically from methylation fol-
lowed by condensation of PAB carbocations; while this is not the
case for the ETO process as olefins condensation is more likely.
Confocal fluorescence microscopy images show that the formed
PA species are mainly located in the outer rim of the SAPO-34 and
SSZ-13 crystals during the MTO  process at 600 K, thus blocking the
reactant molecules from diffusing into the inner part of the crystals.
In contrast, the formation of the PA species during ETO involves the
diffusion of reactants, e.g. mobile olefins, as the crystal intergrowth
structures are clearly seen for both SAPO-34 and SSZ-13.

Based on our characterization data we can conclude that SAPO-
34 and SSZ-13 also show different reactivity during both MTO  and
ETO. Furthermore, this difference comes from their distinct acid
strength as well as their acid site density. In the case of MTO, a
much lower Ea value with respect to the PAB formation for SSZ-
13 than SAPO-34 indicates that acid strength plays an important
role in this process. In addition, SSZ-13 deactivates faster in the
low temperature region (below 563 K), and it possesses the highest
PA/PAB ratio at 518 K. In contrast, for SAPO-34, the temperature for
the highest PA/PAB ratio shifts to a higher temperature (576 K). This
temperature shift can also be explained by the higher acid strength
of SSZ-13. Moreover, the confocal fluorescence microscopy images
show a larger active zone for SSZ-13 than SAPO-34. This can be
rationalized by its lower acid site density, which influence the num-
ber and distribution of formed HCP species and furthermore may
have impact on its catalytic performance.

In the case of ETO, comparable Ea values were found with respect
to the formation of PAB for both crystals. This suggests that olefins
condensation, which is the major source to produce PAB carbo-
cations, is not affected by acid strength. In addition, a faster PAB
formation was  observed for all the measured temperatures for
SAPO-34, which possesses a higher acid site density thus favor-
ing condensation reactions. When comparing the PA content and
PA/PAB ratio at temperatures lower than 600 K, an increasing trend
with increasing reaction temperatures was observed for both crys-
tals. However, SAPO-34 contains more PA species than SSZ-13,
although the acid strength of the former material is lower. This is
evidenced by (a) the more pronounced 580 nm absorption band in
the UV–vis spectra and (b) an additional band at around 1590 cm−1

in the IR spectra. A plausible explanation could be the higher acid
site density of SAPO-34, which favors the condensation reactions
that are likely the major route contributing to both PAB and PA
formation.
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